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RÉSUMÉ 
Les noues enherbées, qui font partie des éléments des infrastructures urbaines durables, sont 
conçues pour des conditions différentes de sol, de capacité de débit, de dimensions, de pente et de 
végétation. Leur conception est souvent basée sur l’expérience locale plutôt que sur des consignes 
techniques et, par conséquent, la conception et la performance des noues enherbées, du point de vue 
de la capacité d’écoulement et des objectifs en matière de gestion des eaux pluviales, peuvent varier 
de façon importante d’une juridiction à une autre. Afin de remédier à cette situation et réduire les 
incertitudes liées à la conception, une étude de terrain sur les noues enherbées a été menée en 
évaluant leur performance hydrologique. Une section de 30 m d’une noue enherbée dans un sol 
sableux, située dans la vile de Luleå (au nord de la Suède), a été équipée d’un système mobile 
d’approvisionnement en eau et d’instruments permettant de mesurer les caractéristiques de 
l’écoulement de la noue. Le système d’approvisionnement en eau se composait de cinq contenants (~ 
1 m3 chacun) apportant un afflux longitudinal et latéral dans la section de la noue faisant l’objet du 
test. Ces afflux ont été choisis pour imiter le ruissellement des eaux pluviales dans une zone de 
drainage typique. Sur le premier site testé, 14 averses de pluie d’une durée de 30 minutes ont été 
simulées et l’écoulement de la noue ainsi que l’humidité du sol ont été mesurés. Les variables 
expérimentales comprenaient les conditions préalables sèches ou humides, et trois débits entrants 
différents. Les résultats préliminaires indiquent que le degré d’atténuation du flux de la noue dépendait 
de l’importance du débit des eaux de ruissellement et des conditions initiales d’humidité du sol et que 
des volumes d’eau importants peuvent être stockés et transmis durant le processus de drainage des 
eaux pluviales. 
ABSTRACT 
Grassed drainage swales, which represent common elements of urban green infrastructures, are 
designed for different soils, flow capacities, dimensions, slopes and vegetation. Their design is often 
based on local experience rather than technical guidelines, and consequently, the design and 
performance of grassed swales, with respect to flow capacity and stormwater management objectives 
may significantly vary from one jurisdiction to another. To improve this situation and reduce design 
uncertainties, a field study of grassed swales was conducted by assessing their hydrologic 
performance. A 30-m section of an urban grassed swale in sandy soils, located in the City of Luleå 
(Northern Sweden), was equipped with a mobile water supply system and instrumented for measuring 
swale flow characteristics. The water supply system comprised five containers (~ 1 m3 each) providing 
controlled longitudinal and lateral inflows into the tested swale section. These inflows were selected to 
mimic stormwater runoff from a typical drainage area. At the first test site, 14 rainfall events of 30-
minute duration were simulated and the resulting swale flows and soil moisture conditions were 
measured. The experimental variables addressed included wet and dry antecedent conditions, and 
three inflow rates. The preliminary results indicate that the degree of swale inflow attenuation 
depended on the magnitude of runoff inflow, on the initial soil moisture conditions and that significant 
volumes of water can be stored and transmitted during the stormwater drainage process. 
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1 INTRODUCTION 
Grassed drainage swales generally perform three tasks in stormwater management: convey urban 
runoff, reduce runoff volumes and discharges by infiltration, and enhance runoff quality by filtration 
and settling (US EPA 1997, Barrett et al. 1998, Dietz 2007, Ahiablame et al. 2012). In regions with 
seasonal snow covers, they also provide space for snow storage and melting (Pitt et al. 1986). The 
design of such common elements of green infrastructure varies among jurisdictions and more or less 
follows local experience reflecting physical conditions. As a consequence, the environmental 
performance of swales varies from case to case, and is subject to significant uncertainty. 
To date, a number of different hydraulic/hydrological parameters were used to assess the performance 
of swales, primarily with respect to runoff delay and volume reduction. Factors influencing these 
performance criteria were investigated by a number of researchers and found to vary in the context of 
different geographic and climatic conditions and local swale designs. Yousef et al. (1987) found that 
the swale flow reduction depended on the inflow rate and flow velocity; inflows of less than 0.1 L/s 
were fully dissipated in the swale, but an inflow of 1.3 L/s was reduced only by about 10%. Using 
simulated inflows, Bäckström (2002) demonstrated for 30-minute runoff events, with flow rates from 
0.32 to 0.77 L/s, that one to two thirds of the runoff volume infiltrated into the surrounding soils. With 
respect to antecedent soil conditions, Barrett (2008) reported that in 14 swales 30-147 m long, 50% of 
the runoff volumes were dissipated in the case of low initial soil moisture. Deletic and Fletcher (2006) 
developed a swale infiltration model and verified it on grassed filter strips 65 m long, for steady inflows. 
The measured runoff volume reductions ranged from 33 to 87% for inflow rates of 2-15 L/s. 
Furthermore, they observed an increase in the overland flow during the experiment, because of the 
clogging of soil pores by sediment, and concluded that the hydraulic conductivity was the most 
important model calibration parameter. Davis et al. (2012) analysed responses of highway swales of 
various designs to dynamic inflows during 52 storm events. Due to estimated low storage capacity, a 
direct transition from attenuation to conveyance was documented, but a continuing reduction of flow 
rates was independent of the swale design. 
In spite of the fact that the swale hydrology is mainly controlled by the soil conditions, only a few 
studies addressed soil moisture processes and the spatial variability of the factors determining runoff 
and flow characteristics. The non-uniform nature of runoff infiltration was demonstrated by Jensen 
(2004), who used a dye to track the subsurface flow pattern at a highway swale in Denmark. After a 
uniform flow abstraction in the first few centimetres of the turf, preferential flow occurred due to 
inhomogeneity of the subsoil, thus emphasizing the role of spatial and temporal dynamics of rainfall 
excess. Lucke et al. (2014) used field simulations of runoff from a one-year storm in 30-35 m long 
swales, and also demonstrated that with lower initial soil moisture content, the flow reduction 
increased greatly. Detailed infiltration measurements designed to quantify the spatial variability of the 
saturated hydraulic conductivity by Ahmed et al. (2015) showed that the hydraulic conductivity varied 
by up to two orders of magnitude, within the same test section, and highlighted the need of further 
research at these small scales. 
The literature survey summarized above concluded that field experiments with simulated runoff 
represent a preferred approach to investigating swale flow processes and the overall hydrological 
performance of vegetated swales. To advance the understanding of such processes, a field study of 
swales was initiated with the overall objective of determining swale water balance for various events 
and different soil moisture conditions, and the impact of antecedent soil moisture on the test section 
outflows. Recognizing that actual storm events would introduce another variable into the experiments, 
in the form of varying hydraulic loads, and also slow study progress because of waiting for rainfall 
events, it was decided to supply the swales with sub-potable water mimicking runoff from selected 
block rainfalls. To elucidate the evolution of flow in the swale, the inflow was controlled at a constant 
flow rate. This experimental arrangement was independent of the weather and the catchment size, 
and allowed simulation of runoff from different hydraulic loads to various swales. As street and road 
drainage swales typically develop longitudinal flow with lateral runoff inflows, the same inflow 
arrangement was created in the field experimental set up. The study was conducted in the City of 
Luleå, Sweden, where swales are used for conveyance and pre-treatment of runoff, before it enters 
storm sewers, and also for snow storage in winter. The paper that follows presents descriptions of the 
experimental setup and methods, and the results obtained for the swale tested in the first experimental 
series completed in 2015; extension of field monitoring to other sites is planned in 2016.  
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2 MATERIAL AND METHODS 
2.1 Study site  
A 30-metre section of a grassed swale, 3.1 m wide, was selected for study as a representative type of 
urban swales that can be found close to the centre of the city of Luleå. The swale is located between a 
gravel surface parking area on one side and a well-frequented bicycle path on the other side; these 
two adjacent areas drain into the swale. At the upstream end, the swale starts at a small asphalt road 
and at the downstream end it drains into a drop shaft connected to the storm sewer system. The swale 
channel appears to be compacted, likely due to maintenance practices over the years, and minor 
sediment deposits suggest ongoing sedimentation in the swale. Both these features would then 
contribute to reduced infiltration rates in the swale. The vegetation cover is provided by a dense grass 
turf with grass blade lengths of 5-10 cm. The infiltration capacity of the swale bottom section was 
investigated using the double-ring infiltrometer measurements, which were conducted along the swale 
longitudinal axis at every 4 m (see Table 1). The side slopes were accurately determined with a RTK-
GPS survey (real time kinematic–GPS) and the subsequent GIS processing of the data. For 
determination of the soil texture, soil samples were collected along the swale bottom at points 7.5 m 
apart, after flooding experiments. The grain size distributions were analysed in the laboratory by wet 
sieving and indicated a gradual change in the texture from slightly-silty sand, in the upstream swale 
section, to intermediate-silty sand in the downstream sections. 
Table 1: Swale characteristics. 
Swale section 
[m] 
Mean width 
[m] 
Mean slope 
[%] 
Infiltration capacity  
[mm/h] 
0-3 3.8 1.33 - 
3-6 3.4 2.0 22.0 
6-9 3.3 1.0 45.0 
9-12 3.0 2.67 18.0 
12-15 2.8 -0.67 48.0 
15-18 2.9 -0.67 30.0 
18-21 2.9 4.33 - 
21-24 2.9 0.67 28.8 
24-27 3.1 0.33 67.8 
27-30 3.2 1.33 45.0 
Mean 3.1 ±0.3 1.24 ±1.52 38.1 ±15.4 
2.2 Simulation of runoff events by swale irrigation 
For simulating runoff flows in the swale, a mobile water supply system consisting of five IBC water 
containers (1 m3 each) was used and the swale inflow was distributed in such a way that one part 
entered as a longitudinal flow at the upstream end and the rest entered on one side only as a lateral 
inflow, which was quasi-uniformly distributed over the length of 24 m (see Figs. 1 and 2). The lateral 
flow distribution was achieved by laying two sections of a 160 mm PVC half-pipe, with closely spaced 
small V-notch overflow weirs (a labyrinth weir), along the swale and feeding the flow through this 
structure, whose slope could be manually adjusted to achieve a relatively uniform flow distribution. A 
nearby canal served as a source of water, which was pumped into the IBC containers. The container 
discharge was controlled using tap valves and control marks at the measuring weirs.  
As shown in Fig. 1, four stainless steel flow measuring weirs were used to measure swale inflow at the 
upstream end, two sections of the lateral inflow, and the swale outflow. By maintaining constant heads 
in all the IBC-containers during their discharge, it was possible to simulate preselected and repeatable 
block-rainfall events of preselected rainfall intensities. Another critical requirement was maintaining 
fairly well synchronized inflows, especially from the lateral inflow distributors, to allow for uniform 
wetting of the swale sloping side.  
The magnitudes of the simulated inflow volumes and design flow rates were derived from the rational 
method, by considering a contributing drainage area of 560 m2 and a runoff coefficient of 0.8 for the 
combined impervious and unpaved subareas. The design storm intensity for different return periods 
was calculated from an IDF (intensity-duration-frequency) equation recommended for drainage design 
in Sweden (Dahlström 2010): 
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2)ln(190 98.03 += D
DTi  
Where i = rain intensity [litres/s/ha], D = duration [minutes], and T= return period [months]. The flow 
rates and volumes selected for swale experiments are listed in Table 2 for the duration of 30 minutes. 
 
Figure 1: Schematic overview of the swale, the water supply system, and measuring weirs. Numbered circles (1-
4) indicate locations of the soil moisture probes. 
Table 2: Simulated rainfall intensities and drainage flows for the swale tested. 
Design storm 
return period 
Rain intensity 
[mm/h] 
Calculated inflow 
rates for A = 0.056 ha 
[L/s] 
Calculated inflow 
volumes (m3) 
0.5-year storm 13.5 2.1 3.8 
1-year storm 17.6 2.7 4.9 
2-year storm 30.3 4.7 8.5 
A further requirement of the swale assessment was consideration of design flows on dry or wet soils. 
In view of high infiltration rates measured in the swale, the antecedent conditions were considered as 
dry, when there was no rainfall or swale irrigation for an antecedent period of at least 16 hours, 
otherwise the conditions were assumed to be wet. 
2.2.1 Flow measurements 
Flow measurements were performed in constructed channels equipped with outflow weirs and ISCO 
2150 flow meters (using their depth measurement feature only). Since the inflow was divided into three 
components, individual measurements required good precision, which was achievable by measuring 
heads over the custom made measuring weirs. Heads were measured with pressure transducers 
characterized by an accuracy of ±0.003 m. The longitudinal inflow (Fig.1) entered the swale via a 
250 mm pipe with a downstream 90° V-notch weir. The two lateral inflow distributors were fed with 
water (Fig. 1) via 160 mm pipes with 45° V-notch outflow weirs. The swale outflow was measured in a 
2.5 m long rectangular channel fitted with a compound constriction flow meter combining an orifice and 
a rectangular weir with the crest above the orifice opening (Fig. 3). All measuring devices were sharp-
crested and made of 1 mm stainless steel. The slope of the measurement channels was adjusted to 
0.01 to minimize the occurrence of supercritical flows. To minimise losses of swale water by seepage 
around the flow measurement structure, a 2.5 m long plastic sheet was placed in the swale just 
upstream of the measurement channel, and the upstream end of the sheet was inserted 15 cm below 
the turf ground. Flow measurements were initiated when water started to flow into the swale section 
tested, and in data analysis, the three inflow components were integrated to produce the total inflow, 
which was then compared to the swale outflow. In the initial analysis of data, the end of runoff events 
was set equal to the time when the flow rate at the outlet fell below 0.05 L/s; such trickle flows were 
observed even 45 min after the simulated inflow stopped. 
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2.2.2 Soil moisture measurements 
Soil moisture measurements were collected by the water content reflectometer probes (CS 616 WTR-
probes, by Campbell Scientific) at four points distributed along the 30 m grassed swale at 7.5 m apart 
(Fig. 1, Points 1-4). These sensors measure the relative average soil volumetric water content (VWC) 
in m3 of water per m3 of soil (hence dimensionless), over the entire length of the sensor rod. VWC in 
the soil volume of about 0.56 L is measured with an accuracy of ±0.025. The measurements were 
made using the factory calibration; soil specific calibrations are recommended for clayey soils, or soils 
with high organic content or large porosity (Jones et al. 2002, Chow et al. 2009), which were not 
encountered in this study. The 30 cm probe rods were inserted into the undisturbed top soil layer at a 
45° angle close to the swale bottom centreline, to minimise flow obstructions by the probe head 
especially during small flows. The soil water content was logged at 30 s intervals, and the logging 
started just before the runoff event.  
 
Figure 2. Swale water supply system comprising IBC 
tanks, longitudinal inflow pipe, and two lateral inflow 
distributors. 
 
Figure 3: Outlet measurement channel with a 
compound constriction flow meter (an orifice and a 
rectangular weir). 
3 RESULTS 
The presentation of results focuses on two aspects of swale flow: (a) Runoff response described by 
the time lag of runoff with respect to rainfall, and (b) water infiltration into, and storage in, underlying 
soils. 
3.1 Swale runoff response 
Parameters describing the hydrological performance of the tested swale were monitored during 14 
runoff simulations mimicking longitudinal, concentrated inflow into the swale and lateral inflow in the 
form of side slope sheet flow. As soon as the inflow started, surface runoff developed in the upstream 
swale section, where concentrated flow was released. The irrigated swale side initially abstracted the 
water trickling in from the flow distributors, but contributed to the swale flow in the form of Hortonian 
runoff, when rain excess exceeded infiltration rates. Because of breaks in the swale longitudinal slope 
(see Table 1), water started to pond in small depressions, especially near the half-point of the swale 
section, but this state was quickly overcome and water started to flow downstream. When the surface 
runoff reached the outlet weir, some ponding developed and backwater extended upstream to the 
plastic sheet laid on the swale bottom. 
The intended design storm inflow rates and volumes could not be achieved because of difficulties in 
operating flow controls; namely, the pumped feed serving to compensate outflow from the water 
containers and the container discharge controlled by four valves required simultaneous adjustments. 
In spite of these challenges, three sets of design flow rate replicas of 0.9, 2.0 and 3.1 L/s were 
achieved, with some uncertainties (see Table 3). The flow rates set in the experiments corresponded 
to rainfall depths of approximately 2.9 mm, 6.7 mm (≈0.5-year storm) and 10.0 mm (1.5-year storm), 
over the duration of 30 minutes. 
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Table 3: Inflow rates, the corresponding rainfall intensities and water content of the control soil volume serving to 
measure soil moisture below the swale bottom (V = wetted perimeter x probe depth x length of swale section) for 
wet and dry antecedent conditions. 
Run No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Inflow rate (L/s) 0.9 2.5 1.8 3.4 3.1 3.0 3.0 2.0 2.1 2.1 3.2 3.2 3.1 1.2 
Inflow volume (m3) 1.6 4.49 3.17 6.08 5.54 5.45 5.41 3.63 3.78 3.86 5.71 5.76 5.62 2.19 
Corresponding rainfall 
intensity (mm/ 30 min) 2.9 8.0 5.7 10.9 9.9 9.7 9.7 6.5 6.8 6.9 10.2 10.3 10.0 3.9 
∆ Soil water content (%) 20.5 6.7 22.6 8.7 8.4 2.5 4.1 16.5 12.1 3.3 14.2 9.7 3.3 17.5 
Control soil volume (m3) 3.35 3.75 3.35 4.19 4.00 4.00 3.87 4.32 4.26 4.06 4.45 4.32 4.26 3.03 
Total stored water (m3) 0.69 0.25 0.76 0.36 0.33 0.10 0.16 0.71 0.52 0.13 0.63 0.42 0.14 0.53 
Two out of the 14 runs did not fit into groups of replicas, but nevertheless could be included in the 
analysis. Swale hydrographs of two simulation runs are displayed in Figs. 4 and 5, for dry and wet 
antecedent conditions, respectively. The hydrographs show that using the study setup, well-defined 
events could be established in the swale tested. Elevated inflows in the beginning of the event were 
mainly caused by storage tank valve adjustments, but a quasi-uniform feed flow was quickly achieved 
and sustained for the rest of the run. Comparison of the inflow and outflow hydrographs shows the 
delay of outflow in relation to the inflow, and this delay is referred to as lag time, which can be 
determined as the time difference between the centroids of both hydrographs (Viessman et al. 1989). 
It was further observed in the field that the swale discharge durations were similar for all the runs, 
regardless of the inflow volumes applied. The shapes of outflow hydrographs in Figs. 4 and 5 differed; 
the relatively small rate of 1.2 L/s (Run #14) produced a slow build-up of flow in the swale and an 
immediate flow recession after the inflow ended. For this rate, the run duration of 30 min was not 
sufficient to generate a constant swale discharge. Furthermore, the outflow hydrograph suggests that 
flow was attenuated by continuing constant infiltration over the 30 m swale section. The resulting 
inflow rate reduction was 40% (12%-62%) and the volumetric reduction was 55% (27-73%). For a 
large event on an initially wet soil (not shown here), the increase of the outflow rate was strong and 
resulted in flow rates larger than the inflow of 3.1 L/s. After 9-10 minutes of flow build-up, a relatively 
constant swale discharge was established and lasted over the rest of the inflow duration, until a rapid 
recession after the inflow ceased. There was no observable attenuation of the swale flow rate or event 
volume for such events. 
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Figure 4: Inflow and outflow hydrographs of a small event on initially dry soil and evolution of soil water content. 
The response lag for Run #14 shown in Fig. 4 is 18 min. For Run #7, with higher inflow rates and wet 
swale ground, the lag was 10 min. Lag times were determined for all the experimental runs and are 
plotted in Fig. 6. The plot indicates that lags varied from 7 to 19 minutes and declined with increasing 
inflow rates (i.e., simulated rainfall intensities), especially for runs in dry conditions, which is in 
agreement with lag time formulas in the literature (Viessman et al. 1989). Higher inflow rates on wet 
antecedent conditions tend to show similar lag times (see Fig. 7). 
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Figure 5: Inflow and outflow hydrographs of a relative large event on initially wet soil and evolution of soil water 
content. 
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Figure 6: Plot of lag times vs. inflow rates for 14 experimental runs. 
For Runs 1-2, 4-7, and 14, the outflow volume was smaller than the inflow volume; for the remaining 
runs, the outflow exceeded inflow. Potential reasons for this condition are given in the discussion 
section. 
3.2 Swale soil moisture storage 
In the preliminary analysis of soil moisture storage, the readings from the four moisture sensors were 
averaged and used for soil moisture storage calculations. Individual sensor readings varied depending 
on soil conditions adjacent to the sensors and the propagation of inflow waves in the swale. 
Runoff generation and flow propagation were faster for higher inflow rates and wet turf, and such 
conditions also affected the outflow volumes, as shown in Figs. 4 and 5. For a low initial soil water 
content of 0.21 m3m-3, the available soil water storage capacity allowed for infiltration and filling of soil 
pores towards reaching saturation. For the small event simulated, a maximum soil water content of 
0.39 was reached. 
The filling of soil moisture storage in individual runs differed from run to run, as shown in Figs. 8 and 9 
for all 14 runs (wet initial conditions: Runs Nos. 2, 4, 6, 7, 9, 10, 12, and 13; dry initial conditions: Runs 
Nos. 1, 3, 8, 11 and 14). The process of filling starts with a rapid increase in water content during the 
first 5 and 12 minutes, for wet and dry conditions, respectively. After this sharp increase of soil water 
content, further uptake is rather slow and more or less stops after 10-15 minutes. Regardless of the 
initial soil moisture and inflow rate, the soil water content reaches comparable maximum values in the 
range from 0.36 to 0.39. In dry soils, the water content appeared to be slightly rising even at the end of 
experimental runs (30 min), when it reached values in the range from 0.37 to 0.39. 
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Figure 7: Swale response lag time vs. the initial soil water content. 
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Figure 8: Temporal evolution of the average soil water 
content calculated from four moisture sensors placed 
along the swale bottom for 9 runs and wet antecedent 
conditions. 
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Figure 9: Temporal evolution of the average soil water 
content calculated for four moisture sensors placed 
along the swale bottom for 5 runs and dry antecedent 
contitions. 
It was further noted that even for replica runs with similar inflow rates, the soil moisture volume filling 
curves differed for each run, particularly where the development of soil moisture started at low values. 
Preliminary estimates of water storage in the soil matrix for all experimental runs were produced and 
listed in Table 3. Of the applied volumes of water between 1.60 to 6.08 m3, the soil matrix absorbed 
from 0.10 to 0.76 m3 of water. In these calculations, soil moisture storage further away from the swale 
was not taken into account. 
4 DISCUSSION 
Field scale evaluations of actual green infrastructure facilities are subject to multiple challenges arising 
from the complexity of rainfall/runoff processes and limitations of experimental techniques. The 
experimental approach applied here relied on simulation of rainfall events by swale irrigation, which 
allowed application of simulated rainfalls of known depths and constant rainfall intensities. While this 
arrangement allowed running swale flow experiments independently of the occurrence of rain events, 
the flow distribution system required frequent adjustments and the flow measurement system was 
sensitive to such changes. Three main sources of flow measurement uncertainty can be noted: (a) 
adjustments of the measurement channels housing the weirs, (b) head measurements, and (c) the 
adoption of standard weir or orifice equations for converting heads into flow rates. For all the four 
constriction flow meters used, namely two 45° V-notch, one 90° V-notch and an orifice-weir structure, 
volumetric measurements of flow rates showed a fair fit to the standard rating curves, within the range 
of measurement uncertainty. For the initial analysis this was deemed to be adequate, but the 
occurrence of systematic under or over estimation cannot be excluded.  
The accuracy of the sensor used for head measurements is ±0.003 m which is typical for field meters, 
but leads to higher relative errors in flow measurements by the constriction meters used. Although the 
pipes used for the inflow monitoring were carefully levelled prior to each run, their initial vertical 
alignment could not be guaranteed during experimental runs. The weight of water passing through the 
pipes during experimental runs may have changed the pipe alignment. The combined effects of the 
aforementioned issues may provide an explanation of erroneous water budgets of some events, 
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especially in the case of higher inflow rates providing more outflow than inflow. By minimising the 
above mentioned uncertainties in the next stage, other conceivable (like saturation excess from prior 
events) sources could be excluded. There are also natural sources of sub-surface runoff, which might 
contribute to higher outflows than inflows, as suggested e.g. by Kirkby (1988) and Shuster et al. 
(2008). The former author noted that the possibility of return flows, where subsurface flow is 
constrained by underlying impermeable layers and may exfiltrate due to additional water infiltrating into 
such a system. The latter authors referred to the possible occurrence of a saturated layer developed 
during a previous inflow event and its activation during the subsequent event. However, especially for 
dry antecedent soil conditions the mass balance calculations for the 30-m swale section generally 
confirmed the findings of previous studies with respect to significant flow reductions and flow delay for 
smaller flows. Reductions of flow volumes by 55% and peak flows by 40% were observed.  
Inclusion of continuous soil water content measurements (below the swale bottom) in the study 
provided important information on moisture storage in the unsaturated zone and served to estimate 
thresholds for generating infiltration as well as saturation excess flows. The moisture sensors were 
inserted at different points along the swale bottom and reflected soil permeability at a relatively small 
sector. The initial analysis, therefore, used just averages of the four point readings. As the probes 
send electrical impulses to measure the water content in the adjacent soil pores, such measurements 
may be influenced by differing temperatures and the movement of water in the soil matrix, as the 
viscosity changes (Emerson and Traver 2008). Nevertheless, the spatial heterogeneity and temporal 
variations at the plot scale can be described sufficiently accurately and moreover allow for volumetric 
estimations of stored runoff and swale storage capacity that will complement the swale water balance 
estimations during further analysis.  
The ratio of overlapping infiltration and saturation excess flow is mainly controlled by the inflow rates, 
soil texture and antecedent soil conditions (Zhao et al. 2014). With respect to the simulated inflow 
rates, higher flow rates passing through the studied drainage swale seem to reduce the infiltration 
rates due to smaller residence times, and therefore increase the infiltration excess flow and generate 
surface runoff more rapidly, which is supported by the measured shorter lag times. This assumption 
coupled with the available storage capacity was also reported by Davis et al. (2012).  
Deletic & Fletcher (2006) assumed that the infiltration was also related to the length of the antecedent 
dry period, but independent of the inflow magnitude. In our study, dryer antecedent conditions not only 
allowed for good infiltration efficiency, but also an increased storage capacity, as the systematically 
higher soil water contents suggested for fully saturated conditions after 30 min of inflow, the increased 
water storage volume is up to 3% higher than under wet antecedent conditions. Possible explanations 
could be the changes in the soil matrix during the drying process. 
In continuation of this study, it is envisaged extending the soil water content measurements to more 
locations in the swale and at different depths, in order to further elucidate the processes of soil 
moisture storage. Also, more efforts will be devoted to improving the data acquisition system. The 
work performed so far confirmed that the experimental approach used provided good swale flow data, 
whose usefulness will further increase with improved measurement systems.  
5 CONCLUSIONS 
A 30-m section of an urban drainage swale, located in sandy soils in Luleå (Northern Sweden), was 
investigated with respect to swale flow characteristics. For this purpose, the swale was irrigated by 
flows corresponding to three simulated rainfall intensities over the duration of 30 min, applied for either 
dry or wet antecedent conditions. In the first experimental series, the analysis focused on swale flow 
and soil water content measurements. For some events, e.g., a 30 min event with an inflow of 1.2 L/s, 
the swale peak flow and runoff volume was reduced by 40 and 55%, respectively. For a number of 
events, outflow volumes exceeded the inflow volumes, as a result of flow measurement uncertainties. 
The soil water content measurements at multiple points indicated that considerable volumes of water 
can be stored, or transmitted to deeper layers, in a relatively small drainage facility. A maximum 
increase of volumetric water content of 0.225 m3m-3 was observed and indicated the total water 
storage in the control soil layer below the swale bottom as 0.760 m3, over the whole swale length. 
Conveyance of irrigation water was promoted by wetter antecedent soil conditions, but in dryer initial 
conditions, swale flows were greatly attenuated. The experimental approach employed was found 
feasible to pursue the study objectives, with some improvements of the water supply system and flow 
measurements. 
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